This study investigated the thermal injury and adhesion property of a novel electrosurgery of liver using copper-doped diamondlike carbon (DLC-Cu) surface treatment. It is necessary to reduce the thermal damage of surrounding tissues for clinical electrosurgeries. The surface morphologies of stainless steel (SS) coated with DLC (DLC-Cu-SS) films were characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Bionic liver models were reconstructed using magnetic resonance imaging (MRI) to simulate electrosurgery. Cell cytotoxicity assays showed that the DLC-Cu thin film was nontoxic. The temperature of tissue decreased significantly with use of the electrosurgical device with nanostructured DLC-Cu films and increased with increasing thickness of the films. Thermography revealed that the surgical temperature in the DLCCu-SS electrosurgical device was significantly lower than that in the untreated device in the animal model. Moreover, compared to the SS electrosurgical device, the DLC-Cu-SS electrosurgical device caused a relatively small injury area and lateral thermal effect. The results indicate that the DLC-Cu-SS electrosurgical device decreases excessive thermal injury and ensures homogeneous temperature transformation in the tissues.
Introduction
In the last two decades, growing importance has been placed on research on electrosurgical devices in clinical excision surgery. Several studies have noted the advantages of electrosurgical devices; however, these devices cause thermal injury to the surrounding tissue [1, 2] . Many researchers have tried to find a method to reduce this thermal damage, which can affect nearby intestines, vessels, nerves, and bile ducts [3] . So far, there are three types of electrodes used in electrosurgery, that is, blade, needle, and ball electrodes. The blade-electrode electrosurgical device using copperdoped diamond-like carbon (DLC-Cu) surface treatment was obtained from Hung-Chun Bio-S Co., Ltd., and is shown in Figure 1 (a). DLC was chosen for this study due to its low electrical resistivity [4] , as a result of which it would also have lower thermal effect on the electrosurgical device. Mikami et al. hypothesized that surface treatment would enhance the efficacy of radiofrequency-ablation devices, not only on the lesion but also on the adherence of the boundary tissue [5] . The adherence to bipolar forceps was dependent on both the material in the tips and its roughness. In their research, goldplated bipolar forceps demonstrated the best performance. On the other hand, a surface treatment method was used to generate a coating film to decrease the temperature of the surrounding tissue. Further other studies would focus on DLC, which is capable of antiadherence. The decreased thermal injury of the tissues and platelet adherence was observed with DLC thin films and not with glass [6] . In particular, Chan et al. found that the DLC-Cu film has outstanding antibacterial properties against Escherichia coli [7] . Therefore, stainless steel (SS) coated with DLC (DLC-Cu-SS) films was proposed to coat the electrosurgical device using surface treatment technology. In the present study, the characteristics of device coated with DLC-Cu films are compared to those of the standard SS-coated electrosurgical device. The finite element method (FEM) is useful for investigating the temperature distribution in liver and adjacent tissues. FEM has also been used previously to study the biomechanical behavior in various parts, such as hips, knees, and spinal implants, under different loading conditions [8] [9] [10] . In addition, three-dimensional (3D) finite element analysis (FEA) has been widely applied in the thermal analysis of electrosurgery [11] to evaluate the possible thermal damage to a tissue before clinical operation. Therefore, FEM is used for analyzing and comparing thermal diffusion and tissue damage caused by different surface treatments in this study.
The mechanical behavior of the electrosurgery-tissue interface is an important factor for decreasing thermal damage; however, there are few investigations of this behavior through experimental and theoretical analysis. To examine the thermal damage due to electrosurgery, the highest temperature and the dimensions of the damage region during clinical surgery should be considered. Therefore, the aim of this study is to obtain the highest temperature and calculate the damaged area in the liver by using electrosurgery with DLC-Cu-SS films.
Materials and Methods
The DLC-Cu-SS thin film was coated in a radiofrequency magnetron sputtering device. The glow discharge plasma was obtained by applying a radiofrequency input power of 225 W to a copper sputtering target to dope copper and synthesize the DLC thin films simultaneously. The microstructures of the DLC-Cu-SS films were characterized by using a scanning electron microscope (SEM, JEOL JSM-6500F) and a high-resolution transmission electron microscope (HR-TEM, PHILIPS F-20).
Several 3D finite element models of a liver structure were generated using magnetic resonance imaging (MRI; Signa HDx 3.0T, USA). These models were reconstructed for an adult person and geometry acquisition. Many continuous images were obtained and segmented for data extraction to describe the contours of the liver. Then, an edge detection program was run with AVIZO 7.2 (Internet Securities, Inc.) to detect the various boundaries of the liver. The biomechanical properties of the liver tissue, 316 L SS, and DLC-Cu-SS films have been described in previous literatures [12] [13] [14] [15] . The thicknesses of the treated films were 0 (SS), 100 (DLC-Cu-SS-1), 200 (DLC-Cu-SS-2), 300 (DLC-Cu-SS-3), 400 (DLCCu-SS-4), and 500 (DLC-Cu-SS-5) nm. Then, 3D image reconstruction models were built using ANSYS Workbench 12.1 (ANSYS, Inc.). The mesh process should be reinforced after it is converged for more reliable results. The average numbers of nodes and elements were approximately 65,000 and 30,000, respectively. The thicknesses of the coated films varied from 0 to 500 nm.
Cell Cytotoxicity Assay.
To evaluate the cell cytotoxicity of the DLC-Cu-SS films, the samples ( = 5) were cultured with osteoblast cells (MG-63, ATCC CRL-1427). The variations in cell morphology following various incubation periods also were observed. Before the cells were cultured, the samples were washed in an ultrasonic bath with acetone and ethanol in succession for 15 min and then air-dried. Then, the samples were sterilized at room temperature for 24 h by using ultraviolet radiation and placed in a 24-well polystyrene plate. Subsequently, the MG-63 cell suspensions, with a concentration of 1 × 10 4 cells/mL, were added to the plate and cultured in an incubator at 37 ∘ C with 5% CO 2 for 0, 24, and 72 h. The extent of adhesion and proliferation of the MG-63 cells on nanostructured surfaces also was evaluated using SEM. All the cultured samples were fixed in 2% glutaraldehyde at room temperature for 1 h. Subsequently, they were washed in a rinse buffer (1% phosphate buffer saline (PBS), GIBCO pH 7.4) twice and air-dried. Before being loaded into the chamber, the samples were sputtercoated with approximately 20-30 nm thick platinum thin film to enhance their electrical conductivity and prevent sample charging effects during SEM.
Animal Study.
The protocols for the animal models were reviewed and approved by the Institutional Animal Care and Use Committee of Taipei Medical University (LAC-99-0037). Twelve Sprague-Dawley rats (200-300 g, BioLASCO, Taiwan) were used in accordance with the guidelines of the care and use of laboratory animals. The temperatures of the SS and DLC-Cu-SS electrosurgical devices were determined from thermographs obtained with a thermal-imaging infrared camera (Advanced Thermo TVS-500EX, NEC Avio Technologies, Tokyo, Japan). The highest temperature was recorded for every test.
Conventional SS and DLC-Cu-SS electrosurgical devices were used with an electrosurgical unit (ICC300H, EBRE, USA). The operation was performed under general anesthesia with isoflurane inhalation. After adequate skin preparation and sterilization, the liver was exposed through midline laparotomy, carefully avoiding liver injury. An electrosurgical device was inserted into the liver (2 mm deep) to create an anterior lesion, using a fixed power setting (50 W) and fixed activation time (5 s). The power setting and activation time are commonly used parameters in studies, and their values were based on those from a previous study [16] . At a special sacrificed time, the rats were injected with xylazine and tiletamine-zolazepam mixed with an equal volume of intraperitoneal injection, which was administered at a dose of 0.1 mL per 100 g of body weight. The abdominal cavity of the rats was exposed to facilitate tests. The left and central lobes of the liver were exposed, using the same instrument control Wake force, current, depth, and length with varying electrical burn equipment. The cuts were made in different parts of the same lobe and at the same speed. Starting from the left side, liver samples were collected progressively towards the center. The same animals were used to obtain liver samples, each of 1 cm 3 , using different electrical equipment. The obtained liver samples were immediately fixed in 4% formalin. Dehydrated alcohol was used along with xylene to clean the samples, which were then embedded in paraffin. A slicer was used to cut vertical slices of the samples to demonstrate the shear direction.
Statistical Analysis.
The data were expressed as averages with standard errors. The data were analyzed using analysis of variance (ANOVA). All statistical analyses were performed using SPSS version 12.0 (SPSS, Inc., Chicago, IL, USA). Values of < 0.05 were considered significant.
Results
Figure 1(b) presents a cross section of the DLC-Cu-SS thin film with a thickness of approximately 250 nm. Moreover, the selected area electrical diffraction pattern (SAEDP) consisting of ring spots reveals a nanopolycrystalline structure in the thin film. The size and number of nano-Cu particles were proportional to the Cu content; hence, the production of the DLC-Cu-SS thin films varied with the ratio of CH 4 and Ar. The amorphous-like phase that was transformed into a polycrystalline phase was induced by Cu doping/ion bombardment and radical reactions, as shown in Figure 1(c) . Figure 2 shows the temperature distributions of the electrosurgical devices from the DLC-Cu-SS and SS groups. The temperature of the direct contact electrode region is above 125 ∘ C in the control group, and the maximum temperature of the region in the DLC-Cu-SS group is approximately 110.84 ∘ C. The temperatures decreased with increasing distance from the electrosurgical device, as shown in the crosssection images in Figure 3 . Figure 4 shows the relationship between the highest temperatures of the liver and surgical time using different coated film thicknesses. The maximum temperature of the control group was 126.87 ∘ C and that of the DLC-Cu-SS coated group decreased by 12.63%.
The SEM images of the cell morphology on the DLC-Cu-SS surfaces after culturing for 72 h are shown in Figure 5 . For the MG-63 cell, the surface is almost completely covered by the cells. Moreover, the filopodia of the cells were not only attached to the nanostructured surface but also flattened with numerous filopodia. The well capability of cell differentiation and proliferation were investigated on the surface. Therefore, DLC is a nontoxic and biocompatible material. Figure 6 shows the highest temperatures recorded. The average highest temperature was 148.74 ± 14.28 ∘ C in the control group and 125.74 ± 13.87 ∘ C in the DLC-Cu-SS group. A significant difference of the total injury area between the DLC-Cu-SS and SS groups was observed. The injury point of the SS group was significantly higher than that of the DLCCu-SS group on day 3 ( Figure 7 ). The total injury sites for both groups reduced, but the injury area in the SS group was still significantly larger than that in the DLC-Cu-SS group on day 28 (Figure 8 ). The average injury of tissue due to electrosurgery with an SS electrode (3.41 × 10 3 ± 147 mm 2 ) was significantly higher ( < 0.05) than that due to electrosurgery with a DLC-Cu-SS electrode (2.74 × 10 3 ± 119 mm 2 )
after 28 days. Fibrotic tissue appeared in both the SS and DLC-Cu-SS groups in the boundary between the thermalinjury region and the normal liver tissue on day 3. The nodular foci of hepatocytes were generated in the apoptotic area for both groups on day 28. The SS group had a larger fibrotic area than the DLC-Cu-SS group, and most apoptotic areas were replaced by regenerative hepatocyte foci in the DLC-Cu-SS group. 
Discussion
Despite the widespread use of electrosurgical devices in clinical surgeries, the surgical smoke, thermal injury, and tissue sticking caused by the devices are still issues that need to be addressed. Compared to complex irrigation or automatic thermal control, coating of an electrosurgical device with DLC-Cu-SS films to modify its surface properties is a relatively simple and economical approach to improve the instrument's performance. It is unnecessary to modify the design of the radio frequency generator or electrodes when a DLC-Cu-SS film is deposited on the electrode using thin film coating technology. Therefore, surface modification can be achieved in all types of electrosurgical devices.
Recently, the major problem in clinical surgery has been thermal damage to tissues. Solving the thermal-injury problem is challenging for designers. Remorgida developed instruments made of thermoinsulating plastic to create the electrode, and a metal conductor was incorporated in the plastic [17] . This instrument caused significantly less thermal damage to tissues. In addition, its lateral thermal diffusion is superior to that of standard bipolar forceps. Plastic can absorb the heat inside the jaws, so that coagulation occurs faster. By terminating the electrical current earlier, an overall reduction in temperature and tissue damage can be achieved.
If we apply electrosurgical device with surface treatment on the tissue with the nerve around, the thermal damage will hurt the nerve less. On the other hand, Carlander
Journal of Nanomaterials Journal of Nanomaterials suggested adopting the ultrasonically activated scalpel (US) in the surgery surrounding nerve [18] . The desired effects of ultrasound on tissues can be achieved at temperatures up to 150 ∘ C, whereas, in electrosurgery, the temperatures can reach as high as 400 ∘ C. A higher lateral spread of energy was achieved with electrosurgical device, and bipolar electrosurgery resulted in tissue damage ten times greater than that with ultrasonic energy. With electrosurgery, the tissues appeared severely injured; coagulated fibers with myelin sheaths that were markedly thickened, homogeneous, and pale were observed. In contrast, with the US instruments, the tissue was only slightly injured; no apparent thickening of the myelin sheath and small myelin vacuoles were observed. Morphological examination showed significantly less nerve damage when US instruments were used. These instruments may be safer than electrosurgery for dissections that are close to nerves. Portella used pigs to operate the extrahepatic bile ducts during laparoscopic cholecystectomy, because pigs are medium-sized and easy to anesthetize; the pig's gall bladder and extrahepatic bile ducts are very similar to those of humans [19] . One of the pigs had a 1.2 mm long thermal injury of the cystic stump under an electrical power of 20 W; hence, surface treatment is required for the electrosurgery to reduce the thermal damage.
Finite element models are used in thermal engineering analysis for decades. They have been successfully applied in biological applications to various human models [20] . Models have been used to determine liver tissue temperature in different biological structures. Most FEA studies analyze the biomechanical behavior of individual structures or materials. However, biomechanical models of the human finite element model are not perfect; on the whole, they are based on a number of assumptions and simplifications [21] . To obtain the correct geometry of the 3D liver model, the precise thickness (1 mm) for reconstruction was selected using MRI images. MRI can also be used to obtain information about the structure of liver tissues without exposing the patient to radiation. The contours of the hard tissue are not rigorously represented in MRI data. However, since our study focuses on the soft tissues of the liver, MRI was adopted.
It is difficult to accurately compare the results of this experiment with those obtained using models in previous studies, because of various differences in the material properties, muscle forces, mesh, and constrained conditions employed in the models. Another important factor that governs the analysis of the results is the mechanical and physical properties of the models relative to those of the actual object. The experiment conducted considered three main materials: liver tissue, SS, and DLC. The FEA study provided useful information on the temperature distribution in the liver. The limitations of our study are as follows: (1) a uniform surgical position was adopted; (2) vessels in the liver were not taken into account; (3) the model did not include other nearby organs; and (4) the study was only based on a theoretical analysis.
In animal studies, a typical injury-healing process is achieved through hemostasis, inflammation, proliferation, and remodeling [22] . The SS electrode resulted in a larger total injury area and thermal area than the DLC-Cu-SS electrode on day 3. On day 28, in spite of some fibrotic tissues observed in the DLC-Cu-SS-electrode group, most of the apoptotic area was replaced by hepatocyte foci, which represented the late stage of liver remodeling [23, 24] . Although the remodeling processes were similar, the total injury area for the DLC-Cu-SS-electrode group was smaller than that of the SS-needle-electrode group. Overall, the animal study showed that the DLC-Cu-SS electrosurgical device caused a smaller injury area with a smaller thermal-injury site than the SS electrosurgical device. The smaller thermal-injury site resulted in less fibrotic tissue and a faster neogenesis process, which was beneficial to the liver-remodeling process.
Conclusion
The DLC-Cu film can be used to improve electrosurgery in terms of thermal injury and tissue remodeling using the surface treatment method. By using electrodes with surface treatment, the maximum temperature effectively decreases, the relative area of thermal injury and the fibrotic tissue decrease, and the speed of hepatic regeneration in the rat liver increases. DLC-Cu films also have other functions, such as enhancing hemocompatibility and antiadhesion capability [25, 26] . As described above, DLC-Cu surface treatment in microsurgery applications can promote thermal conductivity, which is beneficial for clinical applications.
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